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ABSTRACT
We present a new technique to infer dust locations towards reddened Type Ia super-
novae and to help discriminate between an interstellar and a circumstellar origin for the
observed extinction. Using Monte Carlo simulations, we show that the time-evolution
of the light-curve shape and especially of the colour excess E(B − V ) places strong
constraints on the distance between dust and the supernova. We apply our approach
to two highly-reddened Type Ia supernovae for which dust distance estimates are
available in the literature: SN 2006X and SN 2014J. For the former, we obtain a time-
variable E(B − V ) and from this derive a distance of 27.5+9.0−4.9 or 22.1+6.0−3.8 pc depending
on whether dust properties typical of the Large Magellanic Cloud (LMC) or the Milky
Way (MW) are used. For the latter, instead, we obtain a constant E(B − V ) consistent
with dust at distances larger than ∼ 50 and 38 pc for LMC− and MW−type dust,
respectively. Values thus extracted are in excellent agreement with previous estimates
for the two supernovae. Our findings suggest that dust responsible for the extinction
towards these supernovae is likely to be located within interstellar clouds. We also
discuss how other properties of reddened Type Ia supernovae – such as their pecu-
liar extinction and polarization behaviour and the detection of variable, blue-shifted
sodium features in some of these events – might be compatible with dust and gas at
interstellar-scale distances.
Key words: dust, extinction – circumstellar matter – supernovae: general – super-
novae: individual: SN 2006X – supernovae: individual: SN 2014J
1 INTRODUCTION
The use of Type Ia supernovae (SNe Ia) as distance indi-
cators has led to the breakthrough discovery of the acceler-
ated expansion of the Universe (Riess et al. 1998; Perlmutter
et al. 1999). Almost twenty years later, our ability to per-
form precision cosmology with SNe Ia is limited by various
systematic uncertainties. Among these, one crucial uncer-
tainty is given by our poor knowledge of what causes the
colour-brightness relation found in SNe Ia. Redder SNe Ia
are observed to be typically fainter than bluer ones, but
whether this stems from intrinsic SN colour variations, dust
reddening or a combination of the two is unclear (see e.g.
Wang et al. 2009; Foley & Kasen 2011).
The effect of dust on the observed reddening is typ-
ically described by the total-to-selective extinction ratio
RV = AV/(AB −AV) ≡ AV/E(B − V ), where AX denotes
the extinction in a given band X. While RV ∼ 3 is found
for extinguished stars in our Galaxy (Fitzpatrick & Massa
2007), significantly lower values are obtained for SNe Ia
? E-mail: mattia.bulla@fysik.su.se
both from individual reddened events (∼ 1.3−1.8, Krisci-
unas et al. 2006; Elias-Rosa et al. 2006, 2008; Wang et al.
2008a; Folatelli et al. 2010; Amanullah et al. 2014, 2015)
and larger samples (. 2, Tripp 1998; Astier et al. 2006;
Nobili & Goobar 2008; Kowalski et al. 2008; Burns et al.
2014). Similar low-RV values are inferred from spectropo-
larimetric measurements and specifically from the observed
correlation between extinction and wavelength of maximum
polarization λmax, RV ∼ 5.5 λmax (Serkowski et al. 1975;
Whittet & van Breda 1978). While λmax ∼ 0.55 µm and
thus RV ∼ 3 are typical values for Galactic stars, polariza-
tion spectra of some highly-reddened SNe Ia are character-
ized by 0.2 . λmax . 0.4 µm and thus 1.1 . RV . 2.2
(Patat et al. 2015; Zelaya et al. 2017).
One possible interpretation for the low-RV towards
some SNe Ia is that they arise from interstellar (IS) dust
characterized by smaller grains than those in our Galaxy
(see e.g. Gao et al. 2015; Nozawa 2016; Hoang 2017). In
particular, Phillips et al. (2013) analysed spectra of 32 red-
dened SNe Ia and found a good correlation between extinc-
tion and strength of a diffuse interstellar band at 5780 A˚,
which they interpret as an evidence that the bulk of the ob-
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served reddening stems from IS clouds. The reason why the
IS environment around SNe Ia appears to prefer small grains
is still puzzling. However, Hoang (2017) recently suggested
that a shift to smaller sizes might be the consequence of
cloud-cloud collisions induced by the SN radiation pressure.
An alternative explanation for low-RV values is that
they arise from circumstellar (CS) dust (Wang 2005; Patat
et al. 2006; Goobar 2008). In particular, Monte Carlo cal-
culations by Goobar (2008) showed that the wavelength-
dependence of scattering in CS dust can yield RV values in
the range between ∼ 1.5 and 2.5, in good agreement with
observations. This interpretation would also be consistent
with the presence of CS gas inferred for some SNe Ia from
the observation of variable, blue-shifted sodium and potas-
sium spectral features (Patat et al. 2007; Blondin et al. 2009;
Simon et al. 2009; Sternberg et al. 2011; Foley et al. 2012;
Maguire et al. 2013; Graham et al. 2015; Ferretti et al. 2016,
but see also Chugai 2008 for a different interpretation within
the IS scenario).
An interesting approach to estimate the dust location
towards SNe is through the detection of light scattered by
dust. These so-called light echoes were detected for a hand-
ful of SNe Ia and interpreted as arising in IS clouds (Schmidt
et al. 1994; Sparks et al. 1999; Cappellaro et al. 2001;
Quinn et al. 2006; Wang et al. 2008b; Crotts & Yourdon
2008; Drozdov et al. 2015; Crotts 2015; Yang et al. 2017).
Light echo measurements, however, are usually challenging
as they require high-resolution (typically space-based), late-
time imaging observations to distinguish contributions of
scattered from direct light.
Here we present a new technique to infer dust locations
in reddened SNe Ia and help discriminate between an IS and
a CS origin of extinction. This is based on the peculiar ef-
fect of dust on the observed light-curve shape (Amanullah
& Goobar 2011) and particularly on the E(B − V ) evolu-
tion with time. Details of our approach and of its imple-
mentation in Monte Carlo simulations are first described in
Section 2. In Section 3, we test our technique and estimate
dust locations for two well-studied highly-reddened SNe Ia
for which dust distance estimates are available in the liter-
ature. Finally, we compare our findings to previous studies
in Section 4 and draw conclusions in Section 5.
2 SIMULATIONS
In this section, we present results of our simulations. After a
brief description of our Monte Carlo code (Section 2.1), we
study how photons scattered by dust into the direct line-of-
sight (DLOS) affect SN light-curve properties and provide
constraints on dust location (Section 2.2). In particular, we
will first address the impact on the light-curve width (Sec-
tion 2.2.1) and then on the colour excess as a function of
time (Section 2.2.2).
2.1 Models
We simulate the propagation of SN radiation in a dusty
medium using a Monte Carlo code similar to those described
by Goobar (2008) and Amanullah & Goobar (2011)1. A
number Nph of Monte Carlo photons are created at the ori-
gin and launched into the computational domain assuming
isotropic emission. Each photon travels unperturbed until
it reaches the dust region inner boundary (see below), at
which point a random number ξ1 ∈ [0, 1) is drawn and the
optical depth calculated as τ = − log(1 − ξ1). The physical
path length travelled by the photon, ds, is then calculated
from
τ =
∫
n (σs + σa) ds , (1)
where n is the number density of dust particles, and σs and
σa are the scattering and absorption cross sections, respec-
tively. Upon reaching the interaction point, a photon is ei-
ther absorbed or scattered depending on the dust albedo
a =
σs
σs + σa
. (2)
Specifically, a second random number ξ2 ∈ [0, 1) is drawn
and an absorption event selected when ξ2 > a, while a scat-
tering event when ξ2 6 a. In the former case, the absorbed
photon is removed from the simulation and it does not con-
tribute to the extracted light curve (see below); in the latter
case, a new direction is chosen by sampling a scattering an-
gle Θ from the Henyey-Greenstein function,
cos Θ =
1
2g
[
1 + g2 −
(
1− g2
1− g + 2 g ξ3
)2]
, (3)
where ξ3 is a third random number chosen in the [0,1) inter-
val and g = 〈cos Θ〉 (Henyey & Greenstein 1941; Witt 1977).
The photon is then moved to the next interaction point and
this procedure repeated until the photon is either absorbed
or leaves the dust region. In the latter case, the escaping
photon is saved and assigned (i) a final direction and (ii) a
time delay with respect to a non-interacting photon emitted
along the DLOS, ∆t, calculated as in Amanullah & Goobar
(2011).
Following Amanullah & Goobar (2011), the dust region
is modelled as a spherical shell with outer radius rout and
inner radius rinn = 0.95 rout. In this work, z = rinn will be
taken as representative for the distance between the SN and
the dust region. For small distances (z . 0.1 pc), this shell
can be thought as representative of a spherical CS shell; for
larger distances (z & 1 pc), it provides a good approxima-
tion to an IS dust slab2 at distance z. Wavelength-dependent
dust properties (a, σa and g) used in this work correspond
to LMC− and MW−type dust. These are taken from Wein-
gartner & Draine (2001) and Draine (2003), respectively,
and are the same as in table 1 of Goobar (2008). The num-
ber density n is assumed to be constant throughout the
dust region, and its value set to give a desired colour ex-
cess E(B − V )DLOS along the DLOS (Goobar 2008). In the
1 The code used in Amanullah & Goobar (2011) is available at
https://github.com/rahmanamanullah/csdust .
2 For a photon scattered by dust into the DLOS, the path trav-
elled is longer – and thus the time delay larger – in a slab com-
pared to a spherical-shell case. However, for z & 1 pc and for
scattered photons reaching the observer at epochs considered here
(t . 70 d since explosion), this time difference can be neglected
as it is typically much smaller than ∆t.
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Figure 1. Effect of scattered photons on the B−band light-curve shape. A template B−band light curve, characterized by ∆MemB,15,
is shown in black. Light curves reddened with LMC−type dust and E(B − V )DLOS= 0.5 mag are shown for three different distances:
z = 102 pc (solid red line), z = 10−3 pc (dot-dashed red line), z = 10−1 pc (dashed blue line).
case of a CS spherical shell, the assumed constant density
implies that the total dust mass Mdust increases with dust
distance. Specifically, we find
Mdust
M
= W
[
E(B − V )DLOS
1 mag
] [
rinn
0.01 pc
]2
, (4)
where W = 9.5 × 10−4 and 8.0 × 10−4 for LMC− and
MW−type dust, respectively. This equation is derived as-
suming a spherical shell for the dust region and thus the
estimated mass is representative of a CS shell only (i.e. dust
at small distances). In contrast, it does not apply to a cloud
at large distances that should instead be thought as an IS
dust slab with a given depth (see above).
Our Monte Carlo code is publicly available and can be
found at https://github.com/mbulla/dust3d .
2.2 Impact of scattered photons on the light curve
Photons leaving the dust region and escaping to the ob-
server are collected and used to construct multi-band light
curves. As in Amanullah & Goobar (2011), pristine SN Ia
light curves are constructed from the Hsiao et al. (2007)
spectral templates, which provides us with UBVRI fluxes
from −20 to +85 d relative to B−band maximum. Using
these, the SN emitted magnitude in a given band X can be
expressed as
MemX,t = −2.5 log femX (t) + CX , (5)
where femX (t) is the flux emitted in the X−band at time t
since explosion, and CX some constant. At each given time
t, the observed magnitude in the X−band is then calculated
summing over all the escaping photons and taking into ac-
count their time delays ∆t (see Section 2.1):
MobsX,t = −2.5 log
∑
i f
em
X (t−∆ti)
Nph
+ CX . (6)
Finally, the extinction AX(t) can be easily derived as
AX,t = M
obs
X,t −MemX,t = −2.5 log
∑
i f
em
X (t−∆ti)
Nph femX (t)
. (7)
In the absence of dust extinction, for instance, all the emit-
ted photons reaching the observer would have ∆t = 0, hence
MobsX,t = M
em
X,t and AX,t = 0.
Following the work done by Amanullah & Goobar
(2011), here we investigate the impact of dust on the
observed light curve. In particular, we choose to de-
scribe the light-curve shape by means of two parame-
ters: (i) the widely-used decline rate in the B−band,
∆MobsB,15 = M
obs
B,15 −MobsB,0, and (ii) the observed colour ex-
cess E(B − V ) = AB − AV relative to the pristine light
curve. Fig. 1 shows B−band light curves for dust charac-
terized by E(B − V )DLOS = 0.5 mag and located at three
different distances: 0.001, 0.1 and 100 pc. As already pointed
out by Amanullah & Goobar (2011), different dust locations
translate into different light-curve shapes:
• At very large distances (z = 100 pc), the relative contri-
bution of photons scattered into the DLOS and reaching
c© 0000 RAS, MNRAS 000, 000–000
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the observer at epochs considered in this work (t . 70 d
since explosion) is negligible. Compared to the pristine
light curve, the observed light curve is therefore fainter
because of dust extinction but characterized by a simi-
lar shape, i.e. ∆MobsB,15 ∼ ∆MemB,15 and AB , AV and thus
E(B − V ) are constant with time.
• At very small distances (z = 0.001 pc), the relative contri-
bution of photons scattered into the DLOS is significant
and hence the observed light curve is brighter compared
to the very-distant dust case described above. However,
scattered photons arrive almost simultaneously with non-
interacting photons (∆t ∼ 0) and thus the light-curve
shape is again similar to the pristine one.
• At intermediate distances (z = 0.1 pc), the contribution
of photons scattered into the DLOS is relatively large
and their time delay of the order of days. Therefore, pho-
tons reaching the observer at a given time t were emitted
at different times and with different luminosities. This
affects the observed light-curve shape significantly and
translates into an observed broadening after maximum
light (∆MobsB,15 < ∆M
em
B,15). An effect of this light-curve
broadening is to make AB , AV and thus the colour excess
E(B − V ) appear as time-variable.
As clearly seen at intermediate distances, we note that the
extra-flux from scattered packets shapes the light curve not
only decreasing ∆MB,15 but also increasing the rise time to
peak brightness. This effect was already shown and exten-
sively discussed by Amanullah & Goobar (2011, see section
6.3).
In the following, we investigate the two effects just dis-
cussed more closely and study how ∆MobsB,15 (Section 2.2.1)
and E(B − V ) (Section 2.2.2) are affected by dust at dif-
ferent locations and with different E(B − V )DLOS values.
In particular, we focus on how these two parameters can
be used to place constraints on the dust location towards
SNe Ia.
2.2.1 Light-curve broadening
Fig. 2 shows the effect of light-curve broadening as a function
of dust distance z for different compositions and extinction
values. Overall, the general behaviour in light-curve broad-
ening is qualitatively similar between the different models:
little broadening is observed for nearby (z . 0.001 pc) and
fairly distant (z & 100 pc) dust; larger broadening is ob-
served for intermediate distances, with the exact extent de-
pending on both dust composition and extinction.
First, we notice that the difference in dust composi-
tion is only marginally affecting the light-curve broadening,
with LMC− and MW−type dust models predicting simi-
lar ∆MobsB,15 values at any dust distance. On the contrary,
the dependence of light-curve broadening on the extinction
is remarkable. As E(B − V )DLOS increases, the light-curve
broadening becomes more significant and the dust distance
at which the effect is maximum (corresponding to the curve
minimum in Fig. 2) shifts towards larger values. While the
former effect simply reflects the increasing contribution of
scattered photons, the latter is a consequence of the increas-
ingly larger distribution of time delays ∆t of photons reach-
ing the observer.
The light-curve broadening for the E(B − V )DLOS=0.1
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Figure 2. Light-curve broadening (∆MobsB,15−∆MemB,15) as a func-
tion of dust distance z for different E(B − V )DLOS values. Solid
lines refer to LMC−type dust, while dashed lines to MW−type
dust. The horizontal dot-dashed line marks the light-curve broad-
ening for a SN Ia with ∆MemB,15 = 1.1 mag broadened to and
observed as a slow-evolving SN Ia with ∆MobsB,15 = 0.8 mag (see
text for explanation). For E(B − V )DLOS = 0.5 mag (red lines),
the three white stars highlight values corresponding to the A, B
and C light curves of Fig. 1.
mag dust model is relatively moderate, with the change
in ∆MB,15 reaching a maximum of roughly 0.1 mag at
∼ 0.1 pc. In contrast, larger values of E(B − V )DLOS leads
to a broadening which is significant when dust is located at
distances between 0.01 and a few pc. In this distance range,
for instance, models with E(B − V )DLOS= 0.5 mag are af-
fected by changes in ∆MB,15 that vary from roughly 0.15 to
0.5 mag. These numbers become even more extreme when
going to larger extinction values, with 0.15 to 0.7 (0.9) mag
changes in ∆MB,15 for E(B − V )DLOS= 1.0 (1.5) mag.
∆MemB,15 values for normal SNe Ia span a range between
roughly 0.8 and 1.5 mag (see e.g. Hillebrandt et al. 2013).
For highly-extinguished SNe Ia, a range of intermediate dis-
tances (∼ 0.01− 1 pc) can thus be immediately ruled out as
they would require extremely large value of ∆MemB,15 (i.e. an
extremely fast-declining pristine light curve). For instance,
the well-studied SN 2006X (see also Section 3.1) was esti-
mated to have an observed decline of ∆MobsB,15 ∼ 1.1 mag and
a colour excess of E(B − V ) ∼ 1.5 mag (Wang et al. 2008a;
Folatelli et al. 2010). In the case reddening along SN 2006X
was due to dust located between 0.1 and 1 pc from the SN,
the pristine light curve would need to have unreasonably
large decline rates for normal SNe Ia (∆MemB,15 & 2 mag).
This argument would point – at least for highly-extinguished
SNe Ia – towards dust located at either rather small (z .
0.01 pc) or large (z & 1 pc) distances. We note, how-
ever, that nearby dust at z . 0.01 pc is in strong tension
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Temporal variation of the colour excess E(B − V ) for different E(B − V )DLOS values and dust distances. Solid lines refer to
LMC−type dust, while dashed lines to MW−type dust.
with limits inferred from the lack of infrared thermal emis-
sion in some normal SNe Ia (& 1018 cm, Johansson et al.
2013, 2017). In addition, dust is unlikely to be present at
z . 1016 cm (∼ 0.003 pc) as at these distances it would be
destroyed by the SN radiation (see e.g. discussion in Aman-
ullah & Goobar 2011).
Because of the broadening effect described above, the
Hsiao template will be stretched by a convenient amount
when comparing models to data in Section 3. In particu-
lar, for a given dust distance, we will choose the specific
∆MemB,15 value required to match the SN observed decline
rate ∆MobsB,15 6 ∆MemB,15 after interaction with dust.
2.2.2 Time-variable colour excess
Fig. 3 shows the temporal variation of the colour ex-
cess E(B − V ) for different dust locations, compositions
and extinction values. Overall, the general behaviour of
E(B − V ) with time is similar for all the models and for
the scope of our study can be characterized by two main
phases:
• In a first phase, the relative contribution of photons scat-
tered into the DLOS is negligible and the observed flux
dominated by non-interacting photons with ∆t = 0. Each
X−band light curve is simply dimmed of a constant AX
value, and thus E(B − V ) is constant with time.
• In a second phase, the relative contribution of photons
scattered into the DLOS and reaching the observer with
some time delay ∆t > 0 is significant. Given that scattered
photons reach the observer at different times, the extinc-
tion AX in each X−band is no longer constant with time.
In addition, the wavelength-dependence of the scattering
and absorption properties causes different time-evolution
in different bands, hence E(B − V ) is also time-dependent.
Similarly to what is found for ∆MobsB,15 (see Section 2.2.1),
the evolution of E(B − V ) is weakly dependent on the
dust composition, with LMC− and MW−type dust predict-
ing similar curves. As expected, we notice that the over-
all change in E(B − V ) during the second phase is larger
for higher values of E(B − V )DLOS. In addition, the tran-
sition between the two phases occurs at different epochs
depending on the dust location. For very small distances
(z ∼ 0.001 pc), all scattered photons arrive at the observer
with time delays ∆t . 1 d and thus E(B − V ) starts
departing from E(B − V )DLOS on these short time-scales.
As the dust distance increases, the time delays for scat-
tered photons becomes larger and thus E(B − V ) starts
deviating from E(B − V )DLOS on increasingly longer time-
scales. In particular, E(B − V ) starts to deviate from
E(B − V )DLOS already before B−band maximum for dust
located at z . 1 pc, while only post-peak for dust located
farther away.
An important aspect shown by Fig. 3 is that the time
evolution of E(B − V ) is significantly different for dust
with different extinctions E(B − V )DLOS and different loca-
tions z. Estimating how the E(B − V ) for reddened SNe Ia
changes with time can thus place strong constraints on the
dust location. In the next Section, we will use this model
prediction to infer dust locations towards reddened SNe Ia.
c© 0000 RAS, MNRAS 000, 000–000
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3 COMPARISON TO OBSERVATIONS
In this section, we compare the E(B − V ) evolution pre-
dicted by our models with that we calculate for historical
highly-reddened SNe Ia, with the goal of estimating dust
distances in these events. In particular, we test our tech-
nique by focusing on two well-studied SNe Ia for which dust
distances have been estimated from light echo detections:
SN 2006X (Section 3.1) and SN 2014J (Section 3.2).
Following Amanullah et al. (2014), E(B − V ) values for
the two SNe are calculated by comparing their observed
colours to those of SN 2011fe, a normal “plain vanilla”
SN Ia (Wheeler 2012) we take as representative of a pristine,
unreddened SN Ia3 due to its very-low extinction (Patat
et al. 2013). The errors on the estimated E(B − V ) values
are mostly dominated by the assumed conservative uncer-
tainties on the intrinsic colour scatter in SNe Ia (0.15 mag
in the B and V bands, see Amanullah et al. 2014). In our
study, we choose to average photometric points of each SN
in time-windows of 10 (SN 2006X) and 5 (SN 2014J) days in
order to predict E(B − V ) values with uncertainties smaller
than 0.05 mag.
3.1 SN 2006X
SN 2006X was discovered by Suzuki & Migliardi (2006) in
the M100 galaxy and found to suffer heavy host extinc-
tion. In particular, using photometric data, Wang et al.
(2008a) derived an averaged colour excess for SN 2006X of
E(B − V ) = 1.42± 0.04 mag. Here we use multi-band pho-
tometric data from tables 3 and 4 of Wang et al. (2008a)
to investigate the evolution of E(B − V ) with time. Five
phase intervals are chosen, and the E(B − V ) values ex-
tracted in each interval are reported in Table 1. We notice
that E(B − V ) is roughly constant and close to 1.5 mag from
about −4 to +23 d relative to maximum, while we observe
a drop to E(B − V ) ∼ 1.3 mag around +35 d.
Colour excess values thus estimated are shown in the
left panel of Fig. 4, together with curves predicted by a series
of LMC−type dust models. These models refer to dust dis-
tances from 10 to 50 pc, with a step size of 1 pc. To overcome
our lack of knowledge about the true E(B − V )DLOS value,
we use models with E(B − V )DLOS = 1.5 mag but apply a
shift of +0.015 mag so that modelled curves at early times
are equal to the averaged value of the first two epochs of
SN 2006X. As we can see, all the selected models predict a
post-maximum drop in the E(B − V ) value compatible with
that observed in SN 2006X. To select the most-probable dis-
tance, we perform a simple χ2 test for each modelled curve.
As illustrated in the right panel of Fig. 4, we find a most-
probable distance of z = 27.5+9.0−4.9 pc.
In the left panel of Fig. 5, we compare colour excess
values for SN 2006X with models of MW−type dust lo-
cated between 10 and 50 pc (step size of 1 pc). Similarly
to what is found for LMC−type dust, MW−type dust mod-
els also predict a post-maximum drop in E(B − V ). In this
3 We note that colours of SN 2011fe are remarkably similar to
those of the Hsiao templates used in our simulations (see Sec-
tion 2.2), and this is particularly true for the colours (B−V ) and
epochs (& −10 d relative to peak) investigated in this work (see
figs. 11 and 12 of Pereira et al. 2013).
Table 1. Average time and extracted E(B − V ) values for each
phase interval of SN 2006X. Times and E(B − V ) values corre-
spond to the white diamond points in the left panels of Figs. 4
and 5.
Phase tave E(B − V )
(days from MobsB,0) (days from M
obs
B,0) (mag)
[−10, 0] −3.6 1.501 ± 0.043
[0,+10] +2.8 1.530 ± 0.043
[+10,+20] +14.7 1.463 ± 0.044
[+20,+30] +22.6 1.466 ± 0.046
[+30,+40] +34.6 1.328 ± 0.046
case, however, the most-probable distance (see right panel of
Fig. 5) is lower and characterized by smaller uncertainties:
z = 22.1+6.0−3.8 pc.
The reason why different dust compositions lead to
different distance values and uncertainties is explained in
Fig. 6, where we show the relative contribution of scat-
tered photons in the B− and V−band as a function of
dust distance z. The different changes in E(B − V ) between
LMC− and MW−type dust are directly related to the dif-
ferent number of scattered photons contributing to the total
flux. Due to the smaller albedo values of MW− compared
to LMC−type dust (see table 1 of Goobar 2008), the scat-
tering contribution and thus the changes in E(B − V ) for a
given z are smaller in the former model. The best match to
the observed E(B − V ) values is therefore found at lower
z for MW− compared to LMC−type dust. In addition,
Fig. 6 shows that the scattering contribution decreases with
dust distance and that this variation is steeper at lower z.
Moving to increasingly smaller values of z, the change in
E(B − V ) is thus faster and the modelled curves of Figs. 4
and 5 less and less similar. As a consequence, the lower dis-
tance found in the MW−type dust model is also affected by
smaller uncertainties.
Distance values derived above can be compared to es-
timates made for SN 2006X using different techniques. In
particular, detections of light echoes in SN 2006X have been
reported independently by Wang et al. (2008b) and Crotts &
Yourdon (2008) and used to constrain the dust distance un-
der the single-scattering assumption. Based on Hubble Space
Telescope (HST) data obtained 300 d post-maximum, Wang
et al. (2008b) concluded that a thick dust layer should be lo-
cated somewhere between∼ 27 and 170 pc away from the SN
site. Combining these same measurements with HST data
obtained 680 d post-maximum, Crotts & Yourdon (2008)
inferred a dust distance of 26.3 ± 3.2 pc. The latter is in
excellent agreement with the values obtained from our mod-
elling. Specifically, their estimate is consistent with predic-
tions from our LMC− and MW−type dust models within
0.6 and 0.2 σ, respectively.
As discussed in Section 2.2.1, the SN templates
used to calculate modelled curves were stretched so
that the resulting light curve after interaction with dust
has ∆MobsB,15 equal to the one observed for SN 2006X,
∆M06XB,15 = 1.17± 0.05 mag (Wang et al. 2008a). As a
by-product of our calculations, we can thus estimate
the intrinsic decline rate of SN 2006X for the most-
probable distance values derived above. An intrinsic
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Figure 4. Left panel. E(B − V ) temporal evolution of SN 2006X (white diamonds) compared to model predictions for LMC−type dust
with E(B − V )DLOS = 1.5 mag. Modelled curves are calculated between 10 and 50 pc (from orange to black) with a step size of 1 pc,
and have been shifted by +0.015 mag to match the averaged value of the first two epochs of SN 2006X. Right panel. χ2 as a function of
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and used to identify the most-probable distance (yellow star) and its uncertainties. The corresponding values are also reported in the
panel.
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Figure 5. Same as Fig. 4 but for MW−type dust.
c© 0000 RAS, MNRAS 000, 000–000
8 M. Bulla et al.
10 15 20 25 30 35 40 45 50
z (pc)
0
10
20
30
40
50
60
Sc
at
te
re
d
flu
x
(%
)
LMC B−band
LMC V−band
MW B−band
MW V−band
Figure 6. Relative contribution of scattering photons to the total
flux in the B− (blue lines) and V−band (red lines). Solid lines
refer to LMC−type dust, while dashed lines to MW−type dust.
Curves are calculated 35 d after B−band maximum, in correspon-
dence to the last E(B − V ) value for SN 2006X (see Table 1).
decline rate of ∆MemB,15 = 1.20± 0.01 mag is required
for both LMC−type dust at z = 27.5+9.0−4.9 pc and
MW−type dust at z = 22.1+6.0−3.8 pc. This decline
rate is consistent with – although more precise than
– the value derived by Wang et al. (2008a) using the
empirical relation proposed by Phillips et al. (1999),
∆MemB,15 ∼ ∆MobsB,15 + 0.1× E(B − V ) = 1.31± 0.05 mag.
3.2 SN 2014J
SN 2014J was discovered in the nearby galaxy M82 and,
owing to its proximity (D ∼ 3.53 Mpc), has been the subject
of several studies in the past few years. SN 2014J was found
to suffer significant extinction from the host galaxy, with
an averaged E(B − V ) value between ∼ 1.2 and 1.4 mag
(Amanullah et al. 2014; Tsvetkov et al. 2014; Foley et al.
2014; Brown et al. 2015; Amanullah et al. 2015; Marion et al.
2015). Here we use multi-band photometry from Amanullah
et al. (2015) to study the evolution of E(B − V ) with time.
Six phase intervals are selected, and the E(B − V ) values
for each interval are reported in Table 2. Unlike SN 2006X,
SN 2014J does not show any clear evolution in the derived
colour excess, with values extracted between −5 and +25 d
compatible with a constant E(B − V ) ∼ 1.3 mag. The lack
of variability is consistent with the findings from Brown et al.
(2015) while in conflict with the time-evolution suggested by
Foley et al. (2014).
The left panel of Fig. 7 shows colour excess values esti-
mated for SN 2014J, together with predicted curves from
our LMC−type dust models. To encompass a larger dis-
tance range compared to that investigated for SN 2006X,
here models are calculated between 25 and 75 pc (step size
Table 2. Same as Table 1 but for SN 2014J. Times and
E(B − V ) values correspond to the white diamond points in the
left panels of Figs. 7 and 8.
Phase tave E(B − V )
(days from MobsB,0) (days from M
obs
B,0) (mag)
[−5, 0] −2.6 1.337 ± 0.027
[0,+5] +1.1 1.313 ± 0.027
[+5,+10] +8.1 1.315 ± 0.028
[+10,+15] +17.6 1.314 ± 0.046
[+15,+20] +21.2 1.337 ± 0.035
[+20,+25] +29.0 1.290 ± 0.047
of 5 pc) and between 100 and 500 pc (step size of 25 pc). We
use models with E(B − V )DLOS = 1.3 mag but apply a shift
of +0.025 mag to the extracted curves to match the aver-
aged value of the first two epochs of SN 2014J. As shown in
the right panel of Fig. 7, the most-probable dust distance is
constrained to be z ∼ 121 pc. Modelled curves at larger dis-
tances, however, tend to a constant E(B − V ) = 1.325 mag
and are all consistent with SN 2014J at the epochs investi-
gated. Hence, we infer a 1σ lower limit on the distance and
conclude that dust towards SN 2014J is located at z & 50 pc.
Fig. 8 presents a comparison between E(B − V ) values
estimated for SN 2014J and those predicted by MW−type
dust models. Predicted curves are calculated for the same
distance range of LMC−type models. For the same rea-
son discussed in Section 3.1, distance values estimated for
MW−type dust are smaller than those for LMC−type dust.
Specifically, we find that models with dust at z & 38 pc are
consistent with data within 1σ and infer a most-probable
distance of z ∼ 102 pc.
Light echo detections towards SN 2014J were reported
by Crotts (2015) and Yang et al. (2017). Using HST imaging
data taken 216 d after B−band maximum, Crotts (2015) re-
ported the detection of a light echo corresponding to dust at
∼ 330 pc and of a possible inner one at ∼ 80 pc. Combining
these data with additional HST observations at +277, +365
and +416 d, Yang et al. (2017) confirmed the presence of
the outer echo for which, however, they inferred a smaller
and more precise distance of 228 ± 7 pc. In addition, they
detected a diffuse light echo indicative of dust located be-
tween ∼ 100 and 500 pc away from the SN. Distance values
inferred by both studies are compatible with our lower limits
for LMC− and MW−type dust models.
When calculating modelled E(B − V ) curves above,
SN templates were stretched so that the observed decline
rate after interaction with dust matches that inferred for
SN 2014J. In particular, following Galbany et al. (2016) we
averaged four different estimates in the literature (Tsvetkov
et al. 2014; Ashall et al. 2014; Kawabata et al. 2014; Marion
et al. 2015) and use ∆M14JB,15 = 1.06± 0.06 mag. For both
LMC− and MW−type dust, lower limits derived above im-
ply an intrinsic decline rate ∆MemB,15 = 1.07± 0.01 mag. In
contrast, assuming E(B − V ) = 1.3± 0.1 mag, the empiri-
cal relation from Phillips et al. (1999, see Section 3.1) would
give an intrinsic decline rate of ∆MemB,15 = 1.19± 0.06 mag.
The two different values are consistent with each others,
although our estimate is more precise and not relying on
empirical observations.
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Figure 7. Left panel. E(B − V ) temporal evolution of SN 2014J (white diamonds) compared to model predictions for LMC−type dust
with E(B − V )DLOS = 1.3 mag. Models are calculated between 25 and 75 pc (step size of 5 pc) and between 100 and 500 pc (step size of
25 pc). Model curves have been shifted by +0.025 mag to match the averaged value of the first two epochs of SN 2014J. Right panel. χ2
as a function of dust distances, where each point corresponds to a curve in the left panel. A 14th-order polynomial fitting (dashed curve)
is performed and used to constraint the most-probable value (yellow star) and a lower limit (white diamond) for the dust distance. The
latter value is also reported in the panel.
−10 0 10 20 30 40
Time relative to B−band maximum (days)
1.0
1.1
1.2
1.3
1.4
E
(B
−
V
)
(m
ag
)
SN 2014J
MW 1.3
z=
25 pc
z= 500 pc
0 100 200 300 400 500
z (pc)
0
1
2
3
4
5
6
χ2
z> 38 pc
Figure 8. Same as Fig. 7 but for MW−type dust.
c© 0000 RAS, MNRAS 000, 000–000
10 M. Bulla et al.
4 DISCUSSION
In Section 3 we compared the E(B − V ) temporal evolu-
tion predicted by our LMC− and MW−type dust mod-
els with that inferred for two highly-extinguished SNe Ia,
SN 2006X and SN 2014J. This comparison allowed us to
place constraints on the dust location towards these SNe Ia.
For SN 2006X, we obtain distance values of z = 27.5+9.0−4.9 pc
and of z = 22.1+6.0−3.8 pc for LMC− and MW−type dust, re-
spectively, in good agreement with previous estimates from
light echo detections (26.3±3.2 pc, Crotts & Yourdon 2008).
For SN 2014J, instead, our models suggest that dust is lo-
cated at distances larger than ∼ 50 and 38 pc for LMC− and
MW−type dust, respectively, again in good agreement with
light echo measurements (Crotts 2015; Yang et al. 2017).
As already discussed in Section 2.2.1, a constant
E(B − V ) in the time window covered by the observa-
tions (from around maximum to about 30 d after) is
not only consistent with fairly distant but also with very
nearby dust. Therefore, the E(B − V ) time evolution de-
rived for SN 2014J could also be consistent with dust with
E(B − V )DLOS ∼ 1.7 mag and located at radii smaller than
∼ 1016 cm (∼ 0.003 pc, see Fig. 3). Although we can not
rule out this possibility, we find it rather unlikely since dust
at these small distances should be either destroyed by the
SN radiation (Amanullah & Goobar 2011) or produce an
infrared thermal emission that is not seen in SN 2014J and
other normal SNe Ia (Johansson et al. 2013, 2017). We thus
consider the very-distant dust case more plausible to explain
the constant E(B − V ) behaviour observed in SN 2014J.
The dust region in our simulations is modelled as a sin-
gle cloud with E(B − V )DLOS (see Section 2.1). In the case
of multiple clouds with the same combined E(B − V )DLOS,
the results of this study would be unaffected. We note, how-
ever, that distance values estimated here would now be taken
as representative of the outermost cloud (i.e. the more dis-
tant from the SN).
Our findings suggest that, at least for the two SNe in-
vestigated, dust is likely to be located at IS-scale distances
(∼ 10−100 pc). In the following, we briefly discuss how dust
and gas at these scales might be compatible with other pecu-
liar properties displayed by SNe Ia suffering dust extinction.
4.1 Peculiar extinction and polarization
As discussed in Section 1, highly-reddened SNe Ia are char-
acterized by other peculiar properties. First, they are af-
fected by unusually steep extinction law, with inferred RV
values significantly smaller than those typically observed for
extinguished Galactic stars (RV ∼ 3.1). Secondly, they dis-
play a polarization curve peaking at shorter wavelengths
than those typically seen for extinguished stars in our
Galaxy (∼ 0.55 µm).
To account for both these observational evidences, re-
cent modelling efforts appear to favour an IS over a CS dust
origin, provided that the dust grain sizes are significantly
smaller than those found in the Galaxy (see e.g. Gao et al.
2015; Nozawa 2016; Hoang 2017). The scenario recently pro-
posed by Hoang (2017) holds promises for explaining why
the environment around some SNe Ia seems to prefer smaller
dust grains. In this picture, a shift to smaller size distri-
butions is believed to originate from cloud-cloud collisions
induced by the SN radiation pressure. In particular, assum-
ing that a number of different clouds are present along the
DLOS, the more nearby clouds are first accelerated by the
SN radiation pressure and later collides with more distant
clouds. Cloud-cloud interactions are effective in destroying
big grains, leading to the enhancement of grains smaller
than ∼ 0.1 µm and to the overall size distribution biased
to smaller values.
The alignment of the polarization angle with the IS
magnetic field of the host galaxy has been used as an ad-
ditional strong argument favouring IS over CS dust scenar-
ios (Patat et al. 2015; Zelaya et al. 2017). By modelling
extinction and polarization data of the four SNe Ia stud-
ied by Patat et al. (2015), Hoang (2017) finds that the ob-
served alignment is compatible with that predicted by the
radiative torque (RAT) mechanism (see Lazarian et al. 2015
for a recent review). In particular, the alignment observed
in three SNe Ia (SN 1986G, SN 2006X and SN 2014J) is
consistent with that of our Galaxy – where big grains are
more efficiently aligned than small grains – and ascribed to
RAT induced by IS radiation fields. In contrast, modelling
of SN 2008fp requires small grains to be aligned as efficiently
as big grains. In the scenario described above, Hoang (2017)
interprets this peculiar alignment as a consequence of RAT
induced by the SN radiation itself, a picture that is found
to work best for dust located at distances between ∼ 1 and
20 pc.
Here we note that calculations presented in this work
have been performed using MW− and LMC−type dust.
With these compositions, dust clouds located at distances
inferred from Section 3 (& 20 pc) are not able to repro-
duce the low RV values observed in SNe Ia. Using a more
appropriate grain size distribution as the one predicted by
Hoang (2017) would likely lead to more compatible RV val-
ues at these distance scales. The different dust composition
would also lead to different E(B − V ) evolution and it thus
might affect the distance estimates here derived. From the
comparison in Fig. 3, however, we expect a different dust
composition to only marginally affect the E(B − V ) evolu-
tion and hence the estimated dust location.
To summarize, the grain size distribution and alignment
function calculated by Hoang (2017) are indicative of dust
located at IS-scales (& 1 pc), in good agreement with dis-
tances estimated in this work (Section 3) and with those
inferred from light echo detections towards some SNe Ia.
4.2 Variable blue-shifted absorptions
For the two SNe Ia investigated in this study, variable, blue-
shifted components have been detected in the Na i D and
K i absorption profiles. Variable sodium was observed in
SN 2006X (Patat et al. 2007), while SN 2014J showed vari-
ability in the potassium profile but not in the sodium one
(Goobar et al. 2014; Foley et al. 2014; Ritchey et al. 2015;
Graham et al. 2015; Jack et al. 2015; Maeda et al. 2016).
These variations were interpreted as arising from outflowing
CS gas where sodium and potassium are subject to pho-
toionization and later recombination effects (Patat et al.
2007; Graham et al. 2015, but see Maeda et al. 2016 for
an alternative interpretation in the IS scenario). To explain
the observed variabilities, the gas was inferred to be at dis-
tances (0.1−1.0)×1017 cm (∼ 0.003−0.03 pc) in SN 2006X
c© 0000 RAS, MNRAS 000, 000–000
Estimating dust distances to Type Ia supernovae 11
(Patat et al. 2007), while (0.6−1.6)×1019 cm (∼ 2−5 pc) in
SN 2014J (Graham et al. 2015).
In order for these components to originate within IS
clouds (i.e. at distances where dust in SN 2006X and
SN 2014J appears to be located), one would need to invoke
some geometric effect. For instance, the varying absorption
features might stem from IS clouds whose covering factor
changes with time due to the rapid expansion of the under-
lying SN photosphere. This possibility was in part ruled out
by Patat et al. (2010), which found that the variations in
the Na i D equivalent width (. 40 mA˚) induced by a fractal
patchy IS medium are much smaller than those observed in
some SNe Ia (e.g. ∼ 300 mA˚ for SN 2006X). Large variations
as those seen in SN 2006X, however, could still be consis-
tent with geometric effects if the IS medium is highly non-
homogeneous. For instance, Chugai (2008) suggested that
the strongest variability observed in the Na i D profile of
SN 2006X (“D” component in Patat et al. 2007) can be ex-
plained if the SN is first seen through the hole of a cluster
of clouds while later partially occulted by the cluster. Using
our Monte Carlo code, we verified that this particular distri-
bution of the IS clouds can indeed reproduce the variability
observed in SN 2006X.
A common argument against geometric effects in IS
clouds relies on the fact that the observed blue-shifted com-
ponents of Na i D, Ca ii H&K and K i do not vary simul-
taneously (Patat et al. 2007). For instance, the blue-shifted
components observed in the Ca ii H&K profile of SN 2006X
did not show any time evolution as was the case for the
Na i D. In the CS scenario, instead, the lack of variability
of calcium has been explained in terms of the higher ioniza-
tion potential of calcium compared to sodium (Patat et al.
2007). This argument has been challenged by Chugai (2008)
who pointed out that this is also expected in the IS scenario
provided that the variable sodium components arise from
clouds where calcium is depleted on dust grains.
Another issue for the IS scenario is to explain why the
variable components are preferentially seen blue-shifted. A
possible answer is found in the scenario proposed by Hoang
(2017), where small grain sizes inferred from extinction and
polarization analysis are due to cloud-cloud collisions induce
by SN radiation (see Section 4.1). In this picture, the SN ra-
diation pressure accelerates the more nearby clouds to move
towards the observer and to later collide with the more dis-
tant clouds. Absorbing gas in these moving clouds would
thus be detected via blue-shifted components. In addition,
we note that the scenario of Hoang (2017) can also account
for the observational preponderance of variable Na i D and
K i features in SNe Ia with large dust extinction (Patat et al.
2007; Blondin et al. 2009; Phillips et al. 2013; Graham et al.
2015). In fact, cloud-cloud collisions would not only destroy
big grains to smaller sizes (see Section 4.1) but also lead
to an enhancement in the gaseous phase of atoms such as
sodium, calcium and potassium. Finally, this scenario might
also explain why the SNe Ia with unusually high sodium
absorption in the sample studied by Phillips et al. (2013)
display blue-shifted Na i D absorptions.
In summary, although variable blue-shifted components
have been historically explained by CS gas around some
SNe Ia, growing evidences suggest that these can also be con-
sistent with geometric effects arising at IS-scale distances.
5 CONCLUSIONS
We have presented a new approach to calculate the loca-
tion of dust in reddened SNe Ia. This technique exploits
the fact that dust regions at different locations produce dis-
tinct behaviours on the observed SN light curve (Amanul-
lah & Goobar 2011). Using Monte Carlo calculations, we
have shown that the detailed evolution of the colour excess
E(B − V ) provides strong constraints on the dust distance
from the SN. Although this approach is complementary to
distance estimates from light echo measurements, unlike the
latter it does not require to obtain late-time HST imaging
but only photometric data at relatively earlier epochs. More-
over, the use of Monte Carlo methods naturally incorporates
the effect of multiple scattering on dust particles which is
not taken into account when estimating distances from light
echo measurements.
We applied our approach to two well-studied SNe Ia
suffering large extinction: SN 2006X and SN 2014J. In the
case of SN 2006X, our models predict SN-dust distances
of z = 27.5+9.0−4.9 and z = 22.1
+6.0
−3.8 pc depending on whether
LMC− or MW−type dust is used. These values are in ex-
cellent agreement with predictions from light echo detec-
tions (26.3± 3.2 pc, Crotts & Yourdon 2008). In the case of
SN 2014J, E(B − V ) is found to be constant in the time win-
dow investigated, allowing us to place only lower limits on
the dust distance. Specifically, dust is constrained to be lo-
cated at distances larger than ∼ 50 and 38 pc for LMC− and
MW−type dust, respectively, in good agreement with light
echo suggestions (Crotts 2015; Yang et al. 2017).
Our study indicates that for the two SNe Ia investi-
gated dust is likely to be located at IS-scale distances. This
is in conflict with findings from Cikota et al. (2017), which
support multiple scattering in a local environment for these
SNe, but compatible with the non-detection of infrared ther-
mal emission in SN 2014J (Johansson et al. 2017). We have
discussed how our results could be consistent with other pe-
culiar properties displayed by some highly-reddened SNe Ia.
First, their peculiar extinction and polarization properties
could be ascribed to small IS grains produced by cloud-cloud
collisions induced by the SN radiation pressure, as proposed
by Hoang (2017). Secondly, the variable, blue-shifted com-
ponents observed in Na i D and K i features of some highly-
reddened SNe Ia (including SN 2006X and SN 2014J) could
be a consequence of the SN photosphere expanding in a non-
homogeneous IS medium (Chugai 2008). In particular, we
confirmed this possibility with our Monte Carlo code by ex-
ploring a similar geometry to the one proposed by Chugai
(2008). Finally, the cloud-cloud collision scenario proposed
by Hoang (2017) might explain why SNe Ia with unusually
strong Na i D absorption are characterized by blueshifted
Na i D components (Phillips et al. 2013) and why variabili-
ties in the latter are preferentially seen in SNe Ia suffering
large extinction.
While in this study we focused on the evolution of
E(B − V ), in the future we will investigate the effect of
dust on the extinction in different bands AX and thus on
the colour excess E(X − V ). Combining information from
different wavelengths will help provide even more stringent
constraints on the dust location. Also, since scattering and
absorption properties have not been computed for the grain
distribution predicted by Hoang (2017), in this study we
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have restricted to using LMC− and MW−type dust com-
position. As a result, our models predict RV values consis-
tent with those observed in the Galaxy (and thus inconsis-
tent with SNe Ia) at the pc-scale distances inferred from
the E(B − V ) evolution. In the future, we plan to perform
Monte Carlo calculations using dust properties inferred from
Hoang (2017). When placing dust at IS distances, we ex-
pect these calculations to give RV values consistent with
those seen in SNe Ia, while only marginally affecting the
E(B − V ) time evolution and thus distance estimates de-
rived in this study.
Although in this work we focused on presenting and
testing our technique on two-well known SNe Ia, in the fu-
ture we plan to apply the same approach to a larger sample
of highly-reddened SNe Ia. In particular, the first year of the
upcoming wide-field ground-based Zwicky Transient Facility
(ZTF, Kulkarni 2016) survey will provide us with roughly
100 (40) SNe Ia with host E(B − V ) > 0.4 (0.5) mag, 70
(25) of which will be discovered before maximum light. This
will allow us to estimate colour excess evolutions and thus
dust distance locations for a statistically-significant sample,
and possibly help solve the CS vs IS long-standing debate.
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